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Saccharomyces cerevisiaeYeast Fld1 and Ldb16 resemblemammalian seipin, implicated in neutral lipid storage. Both proteins form a complex
at the endoplasmic reticulum-lipid droplet (LD) interface.Malfunctionof this complex either leads to LD clustering or
to the generation of supersized LD (SLD) in close vicinity to the nuclear envelope, in response to altered phospholipid
(PL) composition.We show that similar tomutants lacking Fld1, deletion of LDB16 leads to abnormal proliferation of
a subdomain of the nuclear envelope, which is tightly associatedwith clustered LD. The human lipin-1 ortholog, the
PAH1 encoded phosphatidic acid (PA) phosphatase, and its activator Nem1 are highly enriched at this site. The spe-
ciﬁc accumulation of PA-binding marker proteins indicates a local enrichment of PA in the ﬂd1 and ldb16mutants.
Furthermore, we demonstrate that clustered LD in ﬂd1 or ldb16mutants are transformed to SLD if phosphatidylcho-
line synthesis is compromised by additional deletion of the phosphatidylethanolaminemethyltransferase, Cho2. No-
tably, treatment of wild-type cells with oleate induced a similar LD clustering and nuclear membrane proliferation
phenotype as observed in ﬂd1 and ldb16mutants. These data suggest that the Fld1–Ldb16 complex affects PA ho-
meostasis at an LD-forming subdomain of thenuclear envelope. Lack of Fld1–Ldb16 leads to locally elevated PA levels
that induce an abnormal proliferation of nER membrane structures and the clustering of associated LD. We suggest
that the formation of SLD is a consequence of locally altered PL metabolism at this site.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Yeast Fld1 (‘seipin’) and the recently characterized Ldb16 protein
control size of LD and affect PLmetabolism. Fld1 and Ldb16 form a com-
plex at the interface between the ER and LD,whereby Fld1 is required to
stabilize Ldb16 in the ERmembrane [1]. Deletion of FLD1 or LDB16 leads
to the clustering of several LD or to the formation of one or two SLD, de-
pendent on the cultivationmedium: when grown in inositol-richmedi-
um ﬂd1 and ldb16 cells generate one or two LD clusters that consist of
several regularly-sized LD. In contrast, in the absence of inositol these
mutants generate one or two SLD [1–4], which may originate by fusion
of the clustered LD [4]. Notably, formation of SLD is not restricted to ﬂd1
and ldb16 cells, but also mutants defective in the synthesis of PC via the
PE N-methyltransferase (PEMT) pathway, cho2 and opi3, generate SLD,
in the absence of inositol. Elevated levels of the fusogenic lipid PA or aiosciences, BioTechMed Graz,
ria.
ski).
r Life Sciences & Institute of
. This is an open access article underhigher ratio of PE to total membrane PLs were postulated to be critical
for the formation of SLD. On the other hand, the LD phenotype of ﬂd1
and ldb16 cells is quite distinct from lipid biosynthetic mutants that de-
velop SLD, which apparently do not form LD clusters [1,5].
It has been postulated that the Fld1–Ldb16 complex represents the
functional homolog of human BSCL2/seipin in the yeast Saccharomyces
cerevisiae [1,2,4]. Mutations in the human BSCL2/seipin gene are associ-
ated with themost severe form of congenital generalized lipodystrophy
(CGL). Recessive mutations in the human seipin gene are linked to pe-
ripheral neuropathy and other nervous system pathologies [37]. Al-
though seipin has been studied for more than a decade, the molecular
function(s) of this protein remain unknown, both in yeast and higher
organisms. Striking features of yeast mutants lacking Fld1–Ldb16 are
the abnormal changes in LDmorphology [1–4] and the expansion of nu-
clear membrane structures [3]. However, the mechanisms involved in
LD clustering in ﬂd1 and ldb16 mutants and the physiological trigger
that leads to the formation of SLD are currently unknown.
LD formation is driven by the synthesis of its neutral lipid core,
mainly consisting of steryl esters and triacylglycerol (TAG) in yeast. PA
is an essential intermediate in the synthesis of membrane-forming
glycerophospholipids as well as of TAG. In yeast, the mammalian lipin-the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ylglycerol (DAG), which is further acylated to TAG [6,7]. Deletion of
PAH1 leads to an increase of cellular PA levels and to a drastic decrease
in the number of TAG containing LD [8,9]. Notably, besides its function
in providing diacylglycerol for neutral lipid production, Pah1 activity
also controls the growth of the nuclear envelope in yeast. Malfunction
of Pah1 leads to a strong expansion of nER membranes [10], which
may originate from a speciﬁc region of the nuclear envelope adjacent
to the nucleolus (‘ﬂare’ region) [11]. The diacylglycerol kinase Dgk1 an-
tagonizes Pah1 activity by phosphorylating DAG to PA. Overexpression
of DGK1 also results in the local expansion of nuclear ER (nER) mem-
branes similar to those observed in pah1 cells [12,13]. Double deletion
of PAH1 and DGK1 restores normal cellular PA levels, normal growth
of thenER, andWT LDphenotype. Hence, Dgk1 counteracts Pah1 in con-
trolling PA levels at the nuclear envelope, however, the double mutant
cells are still sensitive to challenge with palmitoleic acid, which needs
to be channeled into TAG and thus requires the activity of Pah1 [12,
44]. Pah1 is mostly localized to the cytosol in its inactive (phosphorylat-
ed) form [14–16]. As PA is present in the nER, translocation of Pah1 to
the ER, which depends on the Nem1–Spo7 protein phosphatase com-
plex, is critical for its in vivo function [10,13–17]. Inactive Nem1–Spo7
results in a similarly aberrant nER membrane expansion phenotype as
observed in pah1 cells [10]. PAH1 expression is regulated via the Ino2/
Ino4/Opi1 regulatory circuit, and the derepression of UASino containing
lipid synthesis genes in response to elevated PA in the pah1 mutant
leads to increased PL and FA content [6,7]. Themechanistic link between
imbalanced PA homeostasis and abnormal growth of the nuclear enve-
lope, however, is still obscure.
In a previous study we have shown that the deletion of FLD1 also
results in the proliferation of ER membranes at the nuclear envelope,
similar to the phenotypes observed in pah1mutants or in cells overex-
pressing DGK1. These nER membranes are closely associated with clus-
tered LD, which appear to be ‘trapped’ within these membranes. As a
consequence, inheritance of LD into daughter cells is impaired in ﬂd1
mutants [3]. In the present work, we demonstrate a role of the Fld1–
Ldb16-complex in controlling PA homeostasis at the ER-LD interface
at a speciﬁc subdomain of the nuclear envelope. The consequences of lo-
cally elevated PA levels for nER membrane growth and their impact for
the subcellular distribution and dynamics of LD are discussed. Further-
more, we provide evidence that additional alteration of the cellular
phospholipid composition such as the PC to PE ratio is a critical factor
for the formation of supersized LD in ﬂd1 and ldb16 cells.
2. Materials and methods
2.1. Yeast strains and cultivation conditions
Yeast strains and plasmids used in this study are listed in Supple-
mentary Table 1. Gene deletions in single or double mutants were rou-
tinely conﬁrmed by colony PCR. Yeast cellswere grown inYPD complete
medium (1% yeast extract, 2% peptone, 2% glucose), in standard syn-
thetic complete (SC) medium (0.67% yeast nitrogen base, amino acids,
2% glucose) or in deﬁned medium lacking choline (Cho) or ethanol-
amine (Etn), containing 0, 10 or 75 μM inositol, as indicated. Cells
were grown overnight to late logarithmic/early stationary phase and
further cultivated in fresh media, as indicated in the text. Cells contain-
ing plasmid pRS426–GFP–Spo2051–91 (2μ/URA3; kindly provided by
Aaron Neiman, State University of New York) [18], were grown in SC
media lacking uracil.
2.2. FA treatment of WT cells
Wild type BY4741 cells were cultivated in YPD overnight to station-
ary phase. Subsequently, cells (0.5 OD600 units) were inoculated into
5ml of fresh SC +ino medium containing 0.05% sodium oleate
(Sigma-Aldrich Inc., Germany) dissolved in tergitol (Sigma Inc.; 1%ﬁnal concentration). Of note, the cell number in relation to sodium ole-
ate concentration was found to be critical to induce abnormal LD and
nER phenotypes in WT cells.
2.3. High-resolution ﬂuorescence microscopy
LD were labeled either with BODIPY 493/503 (Invitrogen, Inc.; ﬁnal
concentration 1μg/ml) orwith LD540 (kindly provided by C. Thiele, Uni-
versity of Bonn, Germany [19]; ﬁnal concentration 0.2–0.5 μg/ml). 2D
and 3D image data were acquired on a Leica SP5 confocal microscope
with spectral detection (Leica Microsystems Inc., Mannheim,
Germany), using a 63 × 1.4 NA oil immersion objective. GFP and
BODIPY 493/503 ﬂuorescence was excited at 488 nm and detected be-
tween 500–550 nm. LD540 ﬂuorescence was excited at 561 nm and de-
tected between 570–650 nm. For detection of low abundant GFP-fusion
proteins a sensitive hybrid photon-detector in standard mode (Leica
Microsystems, Inc., Mannheim, Germany) was used. Fluorescence and
transmission imageswere acquired simultaneously. 4D live cell imaging
of BODIPY 493/503 labeled LD during cellular growth of FA treated WT
cells was performed as previously described [20]. In brief,WT cells were
cultivated on SC +ino plates containing 0.05% sodium oleate and
1 μg/ml BODIPY 493/503 at 30 °C on the microscope stage, using an ob-
jective heater system (Bioptechs, Inc., Pennsylvania, USA). Imaging was
performed in time-intervals of 15 or 20 min over 5 h. Labeling of nuclei
using Draq5 (BioStatus, UK) was performed as previously described
[20]. Draq5 ﬂuorescence was excited at 633 nm and emission detected
between 640–750 nm.
2.4. Label-free imaging of neutral lipids using CARS microscopy
The CARS signal was generated using a tunable picosecond laser
source (picoEmerald; APE, Germany; HighQ Laser, Austria) on the Leica
SP5 confocal microscope. The CARS signal was detected using a non-
descanned detector in epi-mode and suitable emission ﬁlters (650/210,
770SP). To detect neutral lipids and LD the laser was tuned to
2845 cm−1, thus enabling imaging of CH2 symmetric stretching
vibrations [21–24]. To avoidﬂuorescence photobleaching by the highout-
put power of the CARS laser source, ﬂuorescence and CARS images were
acquired sequentially. All imaging experiments including 4D live cell im-
aging series were performed using at least three biological replicates. A
minimum of three images per sample was generated and typically 50–
100 cells/sample were imaged (except for 4D live cell imaging series).
2.5. Image processing
Image noisewas reduced using a Gaussianﬁlter (3× 3 kernelmatrix,
sigma: 0.5). Maximum-intensity projections of 3D data sets were
generated using the Leica LAS Lite software (Leica Microsystems Inc.,
Mannheim, Germany). False-color images were generated using the in-
teractive 3D surface plot plugin of the public domain software Fiji [25].
Brightness and contrast were adjusted for improved representation.
2.6. Transmission electron microscopy
Yeast cells were prepared for electron microscopy using high pres-
sure freezing (HPF) and freeze substitution or KMnO4 ﬁxation as previ-
ously described [26]. HPF method: Yeast cells were frozen in liquid
nitrogen under 2000 bar pressure, followed by freeze substitution in ac-
etone to which 2% osmium tetroxide and 0.2% uranyl acetate were
added at a temperature below −70 °C. Samples were embedded in
Epoxy resin; ultrathin sections (70 nm) were cut with a Leica UC 7 Ul-
tramicrotome (Leica Microsystems Inc., Mannheim, Germany) and
stained with lead citrate for 5 min and with uranyl acetate for further
15 min. Images were taken using a FEI Tecnai G2 20 transmission elec-
tron microscope (FEI, Eindhoven, The Netherlands) equipped with a
Gatan ultrascan 1000 CCD camera. Acceleration voltage was 120 kV.
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water for 15 min at room temperature, dehydrated in a graded series
of ethanol (50–100%) and embedded in Epon resin. Subsequently, the
specimens were polymerized for 48 h at 60 °C. Thin sections (approxi-
mately 70 nm thick) were contrasted with uranyl acetate and lead
citrate. Electron microscopy was performed using a Zeiss EM 902 trans-
mission electron microscope. Digital images were obtained using a
ProScan slow scan CCD-camera.
2.7. Lipid analysis
All solvents were at least HPLC grade. Water, 2-propanol, and phos-
phoric acid were purchased from Roth (Karlsruhe, Germany), acetoni-
trile and methanol from J.T.Baker (Austin, TX, USA) and chloroform,
formic acid and leucine-enkephalin from Sigma (Vienna, Austria). Am-
monium acetate was purchased from Merck (Darmstadt, Germany),
TAG and DAG standards (TAG 45:0, TAG 51:0, TAG 57:0, DAG 28:0)
were from Larodan (Malmö, Sweden), glycerophospholipid (GP) stan-
dards (PC 34:0, PS 34:0, PA 34:0, PE 34:0)were fromAvanti Polar Lipids
(Alabaster, USA). 20 OD600 units of cells were suspended in chloroform/
methanol (CM) 2:1 (v/v) and spiked with 50 μl of 0.05 mg/ml standard
mix dissolved in CM1:1 (v/v). Cells were disrupted by vigorous shaking
on a Heidolph Multi Reax test tube shaker (Schwabach, Germany) at
4 °C for 30min in the presence of glass beads. Lipids were extracted ac-
cording to the Folchmethod [27]. Lipid extracts were evaporated under
a stream of nitrogen, re-dissolved in 1 ml CM 2:1 and diluted 1:5 with
isopropanol for mass spectrometry measurements in positive ESI
mode. For measurements in the negative ionization mode the solvent
was changed to 90 vol.% isopropanol and 10 vol.% CM, without further
dilution. The measurements by UPLC-qTOF were performed according
to [28]. In brief, lipids were separated on a BEH-C18-column
(2.1 × 150 mm, 1.7 μm, Waters, Manchester) using an ACQUITY-UPLC
system. A binary gradient was applied, consisting of solvent A: water/
methanol 1:1 (v/v) and solvent B: isopropanol. Both solvents contained
phosphoric acid (8 μM), ammonium acetate (10 mM) and formic acid
(0.1% v/v). A SYNAPT™ G1 qTOF HD mass spectrometer (Waters)
equippedwith an ESI sourcewas used for analysis. The following source
parameters were set: capillary temperature 100 °C, desolvatization
temperature: 400 °C, N2 as nebulizer gas. The capillary voltage was
2.6 kV in positive and 2.1 kV in negative ionization mode. Data acquisi-
tion was performed by the MassLynx 4.1 software (Waters) and the
Lipid Data Analyzer software was used for lipid analysis [29]. The
batch quantiﬁcation setup was as follows: retention time tolerance:
1 min; relative base peak cut off: 0.1‰; retention time shift: 0.5 min;
isotopic quantiﬁcation of two isotopes where one isotopic peak had to
match.
3. Results
3.1. Deletion of FLD1 and/or LDB16 genes increases sensitivity to induced ER
stress
Since the growth rate is a major determinant of cellular lipid ho-
meostasis (Kurat et al., 2009) we ﬁrst set out to determine whether
deletion of FLD1 and/or LDB16 affected cellular growth or displayed
a growth-related LD phenotype. ﬂd1, ldb16 and ﬂd1 ldb16 mutant
cells were cultivated to late log/early stationary phase in media con-
taining inositol (75 μM inositol; SC +Ino) or lacking inositol (SC
− Ino) to induce TAG synthesis and LD biogenesis. This setup was
used for all other experiments in this study unless otherwise indicat-
ed. In line with previous studies ﬂd1 and ldb16 single mutants as well
as the ﬂd1 ldb16 doublemutant generated LD clusters when grown in
the presence of inositol. At low concentration (10 μM) or in the ab-
sence of inositol, cells typically generated one or a few SLD [1–4]. No-
tably, mutant cells additionally contained a large number of very
small and highly dispersed LD, which were also present in cells thatlack clearly detectable clustered LD or SLD (Supplementary Fig. 1).
This heterogeneity of the LD phenotype within a cell population
may result from impaired inheritance of LD [3]. ﬂd1, ldb16 and
ldb16 ﬂd1 cells did not show signiﬁcant growth defects on SC +Ino
or SC − Ino medium plates or at an elevated temperature of 37°C
(Supplementary Fig. 2A). Mutations in human BSLC2/seipin lead to
ER-stress and activate the unfolded protein response (UPR) pathway
in mammalian cell lines [48]. To test for a similar response in yeast,
we next analyzed whether ﬂd1, ldb16 and ﬂd1 ldb16 mutant cells
were sensitive to induced ER stress [30]. Indeed, both the ﬂd1 and
ldb16 single mutants and the double deletion mutant were more
sensitive to tunicamycin-induced ER stress compared to the wild
type in richmedium (Supplementary Fig. 2B). These ﬁndings suggest
that the lipid and protein alterations in the ER induced by lack of
Fld1–Ldb16 impair the ability of mutant cells to deal with increased
ER stress and indicates a functional role of Fld1–Ldb16 in maintain-
ing ER homeostasis.
3.2. Deletion of LDB16 or FLD1 leads to local proliferation of nER
membranes, which are closely associated with aberrant LD structures
We have previously shown that the deletion of FLD1 leads to prolif-
eration of nERmembranes at the nuclear envelope, which are tightly as-
sociated with LD clusters or SLD [3]. Similarly, deletion of LDB16 also
resulted in the local proliferation of nER membrane structures: such
nER membranes frequently entangle LD clusters in ldb16 cells and ap-
pear to originate from a subdomain of the nuclear envelope. Association
of LD clusters with ER-like structures in ﬂd1 and ldb16 cells was also ob-
served in a previous study using transmission electron microscopy [1].
The cortical ER (cER) and other areas of the nER, however, appear to
be morphologically unaffected (Fig. 1A). Remarkably, LD were also ob-
served within the nucleus in ldb16 cells, particularly when the mutants
cells were cultivated to stationary phase (Fig. 1B). A similar observation
was recently also reported for ﬂd1 cells [31]. In ultrathin TEM sections of
ldb16 cells cultivated to late log/early stationary phase (rich medium)
we occasionally observed intranuclear LD (~100–150 nm in diameter)
that were surrounded by a single phospholipid monolayer, suggesting
that they were indeed localized to the nucleoplasma rather than in cy-
tosolic invaginations of the plastic nuclear membrane (Fig. 1C). Due to
the optical resolution limit, reliable detection of such small intranuclear
LD using ﬂuorescence microscopy is limited. However, the appearance
of nuclear LD was stimulated in ldb16 cells that were cultivated for
24 h in SC +Ino medium to the stationary phase. Interactive analysis
of high-resolution confocal z-stacks (n = 215 cells) revealed that
~18% of mutant cells contained 1–2 larger intranuclear LD of ~200–
250 nm diameter. These ﬁndings further support the notion of a dys-
functional organization of nER membranes and of associated LD in the
absence of Fld1 or Ldb16.
3.3. The PA-binding reporter protein GFP–Spo2051–91 is enriched in
proximity to a subdomain of the nuclear envelope associated with aberrant
LD structures in ﬂd1 and ldb16 mutants
In yeast, PA homeostasis is tightly linked to nuclear membrane
growth [10,12,13]. Thus, we next studied the subcellular distribution
of PA in ﬂd1 and ldb16. For this purpose, a yeast vector harboring the
PA-binding reporter protein GFP–Spo2051–91 was introduced into ﬂd1
and ldb16 mutant strains. Spo20 is a sporulation-speciﬁc subunit of
the soluble N-ethylmaleimide-sensitive-factor (NSF) attachment pro-
tein receptor (SNARE) complex, which mediates fusion at the prospore
membrane. Spo20 is recruited to the plasma membrane through a 41-
amino-acid PA-binding motif at the Spo20 N-terminus. Thus, a fusion
of GFP to this motif, GFP–Spo2051–91 acts as an in vivo reporter for PA
in yeast [12,18] and in mammalian cells [32]. To ensure expression of
the PA-reporter, transformed cells were cultivated in SC medium lack-
ing uracil (containing 10 μM inositol) to late log/early stationary growth
Fig. 1. Abnormal locally proliferated nERmembrane structures and intranuclear LD in ﬂd1 and ldb16 cells. A. Proliferated nERmembrane structures ‘entangle’ clustered LD in ldb16 and in
ﬂd1 cells. nER proliferations appear to originate from a distinct site at thenucleus (arrows),which is identiﬁedby its typical shape indicated by the ERmarker Elo3–GFP. Typical nER and LD
phenotypes are observed inWT cells. Magniﬁed areas are outlined bywhite borders. Single optical sections are shown. Bar= 5μm. B. Serial z-sections of an ldb16 cell. A small (arrow) and
an SLD are observed within the nucleus of themutant cell (stationary phase; SC+Inomedium). Overlay of Elo3–GFP labeled nERmembranes (green) and of LD540 labeled neutral lipids
(red). Bar=2 μm. C. Transmission electronmicrographs of small (~100–150 nm) LD of ldb16 and ﬂd1 cells cultivated to late log/early stationary phase (richmedium), inside protrusions of
the nucleoplasm (arrows). Bar = 200 nm.
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erate SLD or very tightly clustered LD. In line with a previous study, in
WT cells GFP–Spo2051–91 localized mainly to the plasma membrane
[12] but also to the nucleus. In ﬂd1 and ldb16 cells, GFP–Spo2051–91
was, in addition, highly enriched at distinct foci in proximity to the nu-
clear envelope, indicating the presence of PA-enriched membrane do-
mains (Fig. 2A). Strikingly, such GFP–Spo2051–91 foci were also present
in close vicinity of aberrant LD structures in the ﬂd1 and ldb16mutant
cells (Fig. 2B).
3.4. Opi1, the key repressor of PL biosynthetic genes is enriched in proximity
to a subdomain of the nuclear envelope in ﬂd1 and ldb16 mutants
Opi1 speciﬁcally binds PA in the endoplasmic reticulum [33] and,
thus, also serves as a PA-bindingmarker protein. To provide further ev-
idence for a local enrichment of PA, we next studied the localization of a
fusion of Opi1 with monomeric GFP in ﬂd1 and ldb16 cells. InWT, Opi1-
mGFP expressed from the chromosomal locus localized predominately
to the nuclear envelope as well as to the nuclear lumen andwas largely
absent from cortical ER when cultivated in SC +Ino medium tostationary phase (16h). In contrast, in ﬂd1 and ldb16 cells Opi1-mGFP
was highly enriched in a single or a few distinct bright foci adjacent to
the nucleus. Opi1-mGFP was less abundant in the nuclear lumen but
also in the nuclear envelope in these mutants, compared to the WT
(Fig. 3A). Opi1-mGFP foci were also associated with nuclear structures
(Fig. 3B), and were detected in close proximity to LD clusters (Fig. 3C)
in cells grown to late-log phase/early stationary phase in SC+Inomedi-
um. These foci closely resemble structures that are observed by using
GFP–Spo2051–91 as a PA marker, further indicating a local enrichment
of PA at a subdomain of the nER, in the absence of Fld1-Ldb16.
3.5. PAH1-encoded PA phosphatase and its activator Nem1 are enriched at
aberrant LD structures in ﬂd1 and ldb16 mutant cells
PA homeostasis at the nuclear envelope is controlled by the activity
of Pah1, its activator Nem1, as well as by the Pah1 antagonist, Dgk1 [10,
12,13]. We next determined the subcellular localization of GFP fusions
of these proteins in ﬂd1 and ldb16 cells. To enable detection of the in
part extremely weak GFP signals of these chromosomally expressed
low abundant fusion proteins, we made use of a highly sensitive
Fig. 2. Enrichment of GFP–Spo2051–91 in proximity to the nucleus and aberrant LD structures, in ldb16 and ﬂd1 cells. A. Localization of GFP–Spo2051–91 inWT (top panel) and mutant cells
(middle and bottom panel) to the plasma membrane and the nucleus. GFP–Spo2051–91 is in addition enriched in proximity to the nucleus in ldb16 and ﬂd1 cells (middle and bottom
panels). GFP–Spo2051–91 localizes occasionally (b5%) around nucleus-associated SLD in ﬂd1 mutants (arrow; bottom panel). B. Association of GFP–Spo2051–91 foci to membranes in
close vicinity to aberrant LD structures in ldb16 and ﬂd1 cells. The nuclear GFP–Spo2051–91 signal is less pronounced and GFP ﬂuorescence is to some extent also observed at the plasma
membrane. Nuclei were labeledwith Draq5 and LDwith LD540.Magniﬁed areas are outlined bywhite borders. Cells were cultivated in SC−Uramedium containing 10 μM inositol. Single
optical sections; bar = 5 μm.
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study, Pah1–GFP was detected in the cytosol [15] but also in a few dis-
persed foci that have previously escaped detection, in WT cells. In
marked contrast, Pah1–GFP was highly enriched in the vicinity of aber-
rant LD structures in ﬂd1 and ldb16mutant cells, in which it appeared
concentrated at or between clustered LD. In addition, Pah1–GFP was
also detectable in the cytosol of these mutants, similar to WT cells(Fig. 4A, Supplementary Fig. 3). Nem1–GFP appears as a single or a
fewdistinct foci inWT [9]. However, using the sensitive photon detector
setup, a number of small Nem1–GFP foci became visible, but whether
speciﬁc associations with subcellular structures exist is currently un-
clear. Similarly to Pah1–GFP, Nem1–GFP was also highly enriched at
clustered LD in ﬂd1 and ldb16 mutant cells (Fig. 4B, Supplementary
Fig. 4). In contrast, no signiﬁcant enrichment of Dgk1–GFP at or near
Fig. 3. Enrichment of Opi1–mGFP in proximity to a subdomain of the nuclear envelopenear aberrant LD, in ldb16 and ﬂd1 cells. A. Localization of Opi1–mGFP inWT cells (top panel: images
at left) aswell as abnormal localization of Opi1–mGFP in ldb16 (middle images) and in ﬂd1 cells (images at right). The intensity distribution of GFP signal is indicated by false-color images.
Cells were cultivated in SC+ Inomedium overnight to stationary phase. B. Opi1–mGFP foci are associatedwith nuclear structures, in ﬂd1 and ldb16 cells. Nuclei were labeled using Draq5.
Bar=2 μm. C.Opi1–mGFP foci in close vicinity to aberrant LD structures, in ﬂd1 and in ldb16 cells. LDwere labeled using LD540. Cellswere cultivated in SC+Inomedium to late log-phase/
early stationary phase leading to the formation of clusters of small, tightly associated LD. Magniﬁed areas are outlined by white borders. Single optical sections; bar = 5 μm.
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support the notion that speciﬁc sites in close vicinity to (emerging) LD
exist that play an important role in regulating PA metabolism; Fld1
and Ldb16 are thus involved in regulating the distribution of Pah1 and
its activator to these sites. Taken together, local proliferation of nER
membrane structures in ﬂd1 and ldb16 cells appears to be linked to a
local increase of the PA concentration at the nuclear envelope, leading
to clustering of LD.
3.6. PC synthesis signiﬁcantly affects the LD phenotype of ﬂd1 and ldb16
mutants
ﬂd1 and ldb16 generate SLD instead of LD clusters when cultivated in
the absence of inositol. Alteration of the PL composition has been
discussed as a critical factor for the generation of SLD in these mutants
[5]. Thus,we next aimed at studying the effects of geneticallymodulated
PC synthesis on LD clustering and on the formation of SLD in ﬂd1 and
ldb16 cells. Cho2 catalyzes the ﬁrst step in the conversion of PE to PC
in the phosphatidylethanolamine N-methyltransferase (PEMT) path-
way. The addition of choline to the culturemedium enables the synthe-
sis of PC via the Kennedy pathway, which bypasses a block in the PEMT
pathway inferred by deletion of CHO2 [35]. In linewith previous studies
PA and PE levels of cho2 cells were elevated and the PC levels were sig-
niﬁcantly decreased [34,35]. Importantly, a signiﬁcantly altered PC to PE
ratiowas also observed in cho2 ﬂd1 and cho2 ldb16mutant cells. Of note,
phosphatidylinositol (PI) levelswere decreased in all analyzedmutants,
particularly in cho2 ldb16 cells, despite the up-regulation of the INO1gene [1]. PS levels of cho2 and cho2 ldb16 mutants were decreased,
whereas those of the cho2 ﬂd1 mutant remained at WT level. These
ﬁndings indicate a similar, but not identical impact of the Fld1 and
Ldb16 proteins on PLmetabolism (Fig. 5A). To gather further insights
into the underlying mechanism causing SLD formation we investi-
gated the effects of altered PC synthesis on the LD phenotype of
cho2 ﬂd1 and cho2 ldb16 cells. Choline treatment did not affect the
typical ‘pearl-on-a-string’-like distribution of LD in WT cells that
were cultivated in SC +Ino medium. The distribution of LD in cho2
cells was comparable toWT. Although LD in part appeared closely asso-
ciated, typical LD clusters in ﬂd1 and ldb16mutants were not observed
in cho2 cells, as also shown previously [1,5]. Strikingly, additional dele-
tion of CHO2 in the ﬂd1 and ldb16 background resulted in the formation
of SLD even in the presence of inositol in the medium (Fig. 5B).
Notably, choline supplementation, which restores PC synthesis via
the Kennedy pathway, lead to LD clustering in cho2 ﬂd1 and cho2
ldb16 cells, similar to untreated ﬂd1 and ldb16 cells (Fig. 6A). The strong-
ly altered cellular PC to PE ratio in cells grown in SC+Inomediawithout
choline becomes less imbalanced upon re-addition of choline. PA levels
of cho2 cells were restored to WT level, whereas the PA levels of cho2
ﬂd1 and cho2 ldb16 cells were still elevated in the presence of choline.
PI levels were also slightly elevated in these mutants, whereas in the
cho2 single mutant PI levels were slightly decreased compared to the
WT. All threemutants showed decreased PS levels upon choline supple-
mentation (Fig. 6B). These results indicate that modulation of PC syn-
thesis, in the presence of inositol, enables switching between the LD
cluster and SLD phenotypes in cho2 ﬂd1 and cho2 ldb16 cells but not in
Fig. 4. Enrichment of the PAH1-encoded PA phosphatase Pah1 and of its activator Nem1 at aberrant LD structures in ﬂd1 and ldb16 cells. Representative images from three independent
experiments are shown.A. Localization of Pah1–GFP inWT cells aswell as enrichment of Pah1–GFP at aberrant LD structures inﬂd1 and ldb16 cells. B. Localization ofNem1–GFP inWT cells.
SingleNem1–GFP spots (arrow) are observed inWT cells; enrichment of Nem1–GFP at aberrant LD structures in ﬂd1 and ldb16 cells. C. Localization of Dgk1–GFP inWT cells. Localization of
Dgk1–GFP is like WT in ﬂd1 and ldb16 cells; LD were imaged using label-free CARS microscopy at 2845 cm−1 (CH2 stretching vibrations). Single optical sections; bar = 5 μm.
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structures, however, was not altered in cho2 ﬂd1 and cho2 ldb16 cells,
and, thus represents a unique feature of these mutants.
3.7. Oleate treatment of WT cells in the presence of inositol induces nER
proliferation and LD clustering as observed in ﬂd1 and ldb16 mutants
Wenext askedwhether themedia-dependent LD phenotype as well
as the abnormal ER phenotype observed in fdl1 and ldb16 cells could
also be induced inWT cells. Strikingly, treatment ofWT cells with oleate
that is readily incorporated into cellular lipids in yeast, also induced a
strong LD clustering phenotype, similar to the morphological changes
observed in ﬂd1 or ldb16mutant cells. 4D live cell-imaging shows that
newly synthesized LD cluster during growth in the presence of oleate,
both in mother and daughter cells (Fig. 7A, Supplementary movie 1).
Also, a membrane subdomain of the nER appears to strongly proliferatein FA-treated WT cells that frequently ‘entangles’ entire LD clusters,
morphologically indistinguishable from those observed in ﬂd1 and
ldb16 mutant cells. Tergitol that was used as a detergent to solubilize
oleic acid, affected neither LD nor nER morphology (Fig. 7B). Since
lack of Fld1–Ldb16 also leads to LD clustering, we speculated that oleate
treatment ofWT cells may affect Fld1–Ldb16 complex formation and its
localization. In contrast, we found that Ldb16–GFP mainly localized as
distinct spots virtually on all LD in oleate treated WT cells similar as in
untreated WT cells [1]. Since Fld1 stabilizes Ldb16 [1] we conclude
that complex formation and its localization are not impaired in the pres-
ence of oleate (Fig. 7C). Furthermore, oleate treated WT cells did not
showa signiﬁcant growth defect (Fig. 7D). Transmission electronmicro-
graphs further support the notion that proliferated membrane struc-
tures in oleate-supplemented cells originate from distinct sites at the
nuclear envelope and entangle clustered LD, resembling the ﬂd1 ldb16
mutant phenotype (Fig. 8). Intranuclear LD, however, that were
Fig. 5. Effect of geneticallymodulated PC synthesis on PL composition and LDphenotypes of cho2, cho2 ﬂd1 and cho2 ldb16mutants. A. Phospholipid composition in cho2, cho2ﬂd1 and cho2
ldb16mutants. The PC to PE ratio in cho2, cho2 ﬂd1 and cho2 ldb16 cells is signiﬁcantly altered; values were normalized toWT= 1 (third row, right panel). Error bars are based on values
obtained from three biological replicates. B. Effect of PC synthesis on the LD phenotype of cho2, cho2 ﬂd1 and cho2 ldb16mutants. Typical pearl-on-a-string like distribution of LD in WT
cells; WT-like distribution of LD in cho2 cells, but appearance of SLD in cho2 ﬂd1 and cho2 ldb16 cells. LD were labeled with BODIPY 493/503. Magniﬁed areas are outlined by borders.
Fluorescence images represent maximum-intensity projections of z-stacks covering the entire cell. Bar = 5 μm.
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detected, upon oleate supplementation, in wild type.
3.8. Cellular PA levels are elevated in oleate-treated WT cells
Wenext studied the lipid composition of oleate-treatedWT cells. We
found that PA, PS and PC levels were elevated under this condition com-
pared to untreatedWT cells, whereas PE levelswere slightly and PI levels
more signiﬁcantly decreased. As expected, oleate treatment massively
increased cellular TAG content (Fig. 9). Thus, oleate-supplementation
leads to pleiotropic changes of the lipid composition to account for the al-
terations in unsaturated FA supply. In analogy to the experiments in ﬂd1
and ldb16 cells, we next studied the subcellular localization of PA-
binding maker proteins as well as of Pah1 and Nem1 in oleate-treated
WT cells. Opi1–mGFP localized to the nuclearmembrane andwas highly
enriched near LD clusters but was also found to cover the surface of indi-
vidual (small) LD. This ﬁnding indicates the occurrence of PA-enriched
membrane structures also in oleate-treated WT cells. Opi1–mGFP was
less abundant in the nuclear matrix or at the nuclear periphery under
these experimental conditions compared toWT in the absence of oleate.
In contrast, the PA-marker GFP–Spo2051–91 primarily localized to the
plasma membrane in oleate-treated WT cells and was only weakly
detectable at clustered LD (Fig. 10), which may be explained by the dif-
ferential binding afﬁnity of Spo2051–91 for PA molecular species.Remarkably, Pah1–GFP was highly enriched in distinct foci, some of
which were localized in the vicinity of LD. Nem1–GFP showed a similar
localization pattern upon oleate-treatment as Pah1–GFP. In contrast, no
signiﬁcant enrichment of Dgk1–GFP could be detected in oleate-treated
WT cells, further supporting the notion of a non-random accumulation
of the enzymes involved in PA metabolism at speciﬁc LD sites
(Fig. 11A–B).
3.9. Oleate treatment of WT cells grown in the absence of inositol induces
the formation of SLD by fusion of clustered LD
Wenext asked, whether also the formation of SLD can be induced by
oleate in WT cells as in ﬂd1 and ldb16 cells when cultivated in the ab-
sence of inositol. Indeed, 4D live cell imaging shows that absence of ino-
sitol leads to fusion of clustered LD upon oleate treatment of WT cells.
Fusion of LD is a rather slow process that takes place over several
hours (Fig. 12A). Five to seven hours after oleate treatment, WT cells
mainly contained oneor a few SLD insteadof LD clusters. Again, such ab-
errant LD structures remained tightly associated with proliferated ER
membranes (Fig. 12B). Opi1–mGFP localized predominantly on smaller
individual LD thatwere tightly associatedwith SLD and in close proxim-
ity to the nuclear envelope. Strikingly, Opi1–GFP ﬂuorescence on SLD
was signiﬁcantly reduced indicating low abundance/afﬁnity of the re-
porter. In contrast, small LD may represent newly synthesized but not
FIG. 6. Effect of restored PC synthesis on PL composition and LD phenotype of cho2, cho2 ﬂd1 and cho2 ldb16 cells in the presence of choline. A. Effect of choline treatment on the LD phe-
notype of cho2, cho2 ﬂd1 and cho2 ldb16 cells. Typical pearl-on-a-string like distribution of LD inWT and cho2 cells in the presence of choline, but suppression of the SLD phenotype and
formation LD clusters in cho2 ﬂd1 and cho2 ldb16 cells. LDwere labeledwith BODIPY 493/503.Magniﬁed areas are outlined by borders. Fluorescence images representmaximum-intensity
projections of z-stacks covering the entire cell. Bar = 5 μm. B. Phospholipid composition of cho2, cho2 ﬂd1 and cho2 ldb16 cells in the presence of choline. The PE to PC ratio is restored in
cho2mutants to WT level by choline supplementation and signiﬁcantly improved in cho2 ﬂd1 and cho2 ldb16 cells; values were normalized to theWT= 1 (third row, right panel). Error
bars are based on values obtained from three biological replicates.
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treatedWT cells growing in thepresence of inositol. This observation in-
dicates a loss of the stability of nER membranes or membrane remodel-
ing processes during fusion of (small) LD. On the other hand, the LD
fusion process may also alter the membrane composition of ER mem-
branes thereby affecting the targeting of Opi1–mGFP to these structures
(Fig. 12C). Oleate-treated WT cells showed reduced growth in the ab-
sence of inositol, which is also in line with a recent study [36]
(Fig. 12D). PA levels were also increased in oleate-treated WT cells cul-
tivated in the absence of inositol; PC and PE as well as PS levels were in-
creased, PI levels were decreased compared to untreated cells. As
expected, oleate treatment strongly increased the cellular TAG content
(Fig. 13). These pleiotropic alterations in lipid composition upon oleate
treatment again reﬂect alterations in cellular lipid composition in mu-
tants lacking Fld1–Ldb16, suggesting related mechanisms leading to al-
tered nuclear envelope morphology, LD clustering, and SLD formation.
In summary, supplementation of WT cells with oleate induced sim-
ilar morphological changes of nER and LD as well as of the distribution
of PA marker proteins as observed in ﬂd1 and ldb16 mutants. These
pleiotropic alterations suggest related mechanisms underlying LD clus-
tering and SLD formation due to dys-regulated PA homeostasis at the
nER.4. Discussion
The cellular ‘management’ of insoluble molecules such as TAG in the
cytosolic environment requires the activity of specialized proteins at the
water–lipid interface. The precise mechanisms that govern the segrega-
tion of TAG molecules that are derived from membrane-bound lipid
precursors by the activity of membrane-associated enzymes into the
nascent LD are currently unknown. Deletion of both yeast orthologs of
mammalian seipin, Fld1 and its associated protein Ldb16, cause major
alterations in LD morphology and associated ER membranes: in the re-
spective single or double mutants, LD appear ‘entangled’ in an ERmem-
brane network, or fuse into a single supersized LD, dependent on the
presence or absence of the lipid precursor, inositol. In addition, lack of
Fld1 or Ldb16 cause expansion of the nuclearmembrane and alterations
in membrane PL metabolism.
In this work, we applied high-resolution live cell imaging to uncover
and dissect mechanisms causing the abnormal LD and nER phenotypes
in cells lacking Fld1 or Ldb16,which is crucial for understanding themo-
lecular function of seipin. This analysis unveiled an important role in
regulating the organization of enzymes involved in the catabolism of
PA, which is the central intermediate at the metabolic branch point be-
tween membrane PL and TAG synthesis. Notably, we found that
Fig. 7. Induction of nER proliferation and clustering of LD by oleate (OA) treatment of WT cells. A. Time-lapse recording of LD formation during cellular growth of WT cells in SC +Ino
medium, in the presence of oleate. LD accumulate at one or two distinct sites in a mother (arrows) and in daughter cells. Imaging was performed in time-intervals of 15min over 5h;
three time pointswere cropped (see supplementaryﬁle 1 for the full lengthmovie). Overlay ofmaximum-intensity projections ofﬂuorescence z-stacks and simultaneously acquired trans-
mission images. Bar=2 μm. B. ExpandednERmembrane structures entangle clustered LD at/near the nucleus (top panel). LDmorphology/distribution and nuclearmembrane growth are
not affected by long-term tergitol treatment (bottompanel). Nuclei are identiﬁed by their typical shape indicated by the ERmarker Elo3–GFP (green). LDwere labeled using LD540. Bar=
5 μm. C. Localization of Ldb16-GFP in oleate-treated WT cells. Bar = 5µm. D. Normal growth of WT cells in the presence of tergitol and oleate. The ole1mutant is a control strain that is
auxotroph for unsaturated FA [50,51], indicating sufﬁcient oleate supplementation to the growth medium.
Fig. 8.Ultrastructure of LD-associated nERmembrane structures in oleate-treatedWT cells. Proliferating nERmembrane structures originate from the nucleus (image at left; arrows) and
partly entangle clustered LD (image at right; arrow), in WT cells. Cells were grown in SC +Ino medium and treated for 5 h with oleate. Bar = 200 nm.
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Fig. 9. PL compositionWT cells grown in the presence of inositol and oleate. Mass spectrometric analysis of PA, PC, PE, PI and PS. Cells were treatedwith oleate for 5 h in SC+Inomedium.
Error bars are based on values obtained from three biological replicas.
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and nER phenotypes as a lack of Fld1 or Ldb16. As shown in untreated
ﬂd1 and ldb16 cells [1–4], oleate supplementedWT cells displayed clus-
tering of LD in the presence of inositol at a distinct subdomain of the nu-
clear envelope. Strikingly, in all cases aberrant LD structures were
associated with locally proliferated nER membranes. From these obser-
vations we conclude that i) a speciﬁc domain exists at the nuclear enve-
lope which appears to be a localized site of neutral lipid synthesis and
LDassembly (‘lipid droplet assembly domain’, LDAD) and that ii) the ap-
pearance of abnormally distributed LD upon oleate treatment or in the
absence of Fld1–Ldb16 is mechanistically linked to the abnormal prolif-
eration of nER membranes at these sites. In a previous study we have
shown that the inheritance of LD into daughter cells is linked to the seg-
regation of ERmembranes; this process is impaired in ﬂd1 cells [3]. Due
to their apparently continuous ER attachment LD are rather dispersed in
actively growingWT cells [52]. An abnormal proliferation of nER mem-
branes at the postulated LDADupon FA overﬂowor in the absence of the
Fld1–Ldb16 complex impairs the subcellular distribution of associated
LD, which most likely leads to their clustering. Of note, in ﬂd1 andFig. 10. Localization of PA-binding proteins in WT cells in the presence of inositol and oleate. O
treated WT cells, whereas the signal is very weak in the nuclear matrix and at the nuclear e
arrow). Bar = 5 μm.ldb16 cells we also observed the appearance of LD inside the nucleus,
which indicates an impaired LD budding process that is typically exclu-
sively directed towards the cytosol, in WT cells.
The appearance of clustered LD versus SLD depends on the presence
of lipid precursors in the growth medium in ﬂd1 and ldb16 cells, inde-
pendent of a supplementation with oleic acid. We found that modula-
tion of PC synthesis either by choline supplementation or by the
inactivation of the CHO2-encoded PE-N-methyltransferase triggers the
SLD phenotype in cells lacking FLD1 or LDB16. Apparently, the PC to PE
ratio is critical to maintain membrane integrity and LD morphology in
yeast [38] and mammals [39], and, therefore, alterations of the PL com-
position may induce fusion of initially clustered LD. Of note, we never
observed fragmentation of existing SLD into clustered LD upon changes
in the medium, suggesting that LD fusion is irreversible. Instead, we
found that also oleate-treated WT cells form SLD in the absence of ino-
sitol, by fusion of clustered LD. This oleate-induced LD fusion is a slow
process suggesting an underlyingmembrane/lipid remodeling process-
es rather than spontaneous fusion. In this scenario, an altered PC to PE
ratio appeared not to be causative for the formation of SLD, based onpi1–mGFP accumulates in membrane structures around/between clustered LD in oleate-
nvelope (top panel; arrows). GFP–Spo2051–91 localizes to clustered LD (bottom panel;
Fig. 11. Pah1–GFP and Nem1–GFP are enriched at individual LD inWT cells in the presence of inositol and oleate. A. Pah1–GFP foci (top panel) and Nem1–GFP foci (middle panel) appear
at/near LD in the WT grown for 7 h in SC+Ino medium in the presence of oleate, but no signiﬁcant enrichment of Dgk1–GFP in these cells (bottom panel). LD were imaged sequentially
using label-free CARSmicroscopy at 2840 cm−1 (CH2 stretching vibrations). B. Pah1–GFP andNem1–GFP foci are closely associatedwith LD.GFP and LDﬂuorescence signalswere acquired
simultaneously. Bar = 5 μm.
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ratio, however, cannot be ruled out. Thus, it remains to be investigated
whether speciﬁc alterations of the PC to PE ratio in the ER or, more spe-
ciﬁcally, in the nuclear envelope or on the LD surface, or other lipid re-
modeling processes cause the generation of SLD upon oleate treatment.
What is thenature of the subdomain at thenuclear envelope that ap-
pears to be the site of origin for LD formation? Imbalanced PA homeo-
stasis is a major trigger for the local proliferation of nER membranes
in pah1 cells or in cells overexpressing DGK1 [10,12,13]. Consistent
with these observations, we found that PA-binding reporter proteins ac-
cumulated in focal structures in proximity to the nuclear envelope,
which are associated with clustered LD in ﬂd1 and ldb16 cells as well
as in oleate-treatedWT cells. An elevated level of PA has been detected
in isolated microsomes from ﬂd1 mutant cells [5]. However, such in-
creased PA levels are not reﬂected in total cellular lipid proﬁles of ﬂd1
and ldb16 cells [1], consistent with the notion of a localized PA accumu-
lation. Expression of the INO1 gene encoding inositol-3-phosphate syn-
thase that is required for the endogenous synthesis of inositol is
regulated by the repressor Opi1 that may escape the nucleus and bind
to the ER via interaction with Scs2 and PA [49,50]. Previous studies in-
deed showed that INO1 expression is upregulated in ﬂd1 [5] and ldb16
cells [1], consistent with ER localization of the Opi1 repressor and fur-
ther supporting an altered PA distribution in thesemutants. Locally ele-
vated PA levels at the LDAD may contribute to increased PL synthesis
rates at such sites, leading to membrane proliferation. Due to its conical
shape, negative charge and membrane bending functions PA may have
additional structural effects on nERmembranes [40]. Cells lacking Spo7,
the regulatory subunit of theNem1/Spo7 protein phosphatase complex,
produce single nuclear protrusions, which emerge from the nuclear en-
velope adjacent to thenucleolus [41]. It is conceivable that this site is theorigin of the postulated LDAD andmay also represent the previously de-
scribed ‘ﬂare’ region at the nuclear periphery [11]. It should be noted
that the PA-reporter GFP–Spo2051–91 was locally enriched in proximity
to the nuclear membrane in ﬂd1 and ldb16 cells, but less abundant at
clustered LD in oleate-treated WT cells, indicating that not only PA but
additional scaffolding proteins may be required for its lipid association.
For instance, Opi1 is sequestered to the ER by binding both PA and the
integral membrane protein Scs2 via the FFAT binding motif on Opi1
[49]. Furthermore, Opi1 was recently shown to exhibit binding speciﬁc-
ity for distinct PA molecular species [36], which may also hold true for
the binding of GFP–Spo2051–91 to PA-enriched nERmembranes, in addi-
tion to other anionic lipids that may affect the PA-binding threshold of
Spo2051–91 [42]. Thus, additional regulatory targeting mechanisms
may be responsible for the somewhat different localization patterns ob-
served for Spo2051–91 and Opi1, at the plasmamembrane but also at the
nuclear matrix, in WT as well as ﬂd1 and ldb16 cells.
Upon oleate treatment of WT cells, we detected distinct Pah1–GFP
foci in close vicinity to individual LD. This localization is not unique for
Pah1 but was also observed for the Pah1-activator, Nem1. We suggest
that Pah1 is recruited to and activated at the postulated LDAD to locally
generate DAG, which is further acylated to TAG that is subsequently
channeled into the emerging LD.We argue that Fld1–Ldb16 is responsi-
ble for organizing the distribution of Pah1 and perhaps additional pro-
teins at the LD-ER interface and at LD emergence sites. Furthermore,
the complex may also be involved in determining the direction of LD
budding out of the ER, based on signiﬁcantly increased appearance of
nuclear LD in mutants lacking Ldb16. Recent in vitro studies also
showed that deletion of FLD1 or LDB16 leads to an abnormal distribution
of several LD surface proteins, whereby the Fld1–Ldb16 complex may
represent a physical barrier at the LD–ER interface [1]. According to
Fig. 12. Induction of LD fusion by oleate treatment of WT cells in the absence of inositol. A. Time-lapse recording of LD formation and fusion during cellular growth of WT cells in SC–Ino
medium in the presence of oleate. LDwere labeled using BODIPY 493/503. Imaging was performed in time-intervals of 20min over 5 h; three time points were cropped. Overlay of max-
imum-intensity projections of ﬂuorescence z-stacks and simultaneously acquired transmission images. Bar=5 μm. B. ERmembrane structures are expanded and entangle SLD at/near the
nucleus (top panel). LD morphology/distribution and nuclear membrane growth is not affected upon long-term tergitol treatment (bottom panel). Nuclei are identiﬁed by their typical
shape indicated by the ERmarker Elo3–GFP (green); LD were labeled using LD540. Bar= 5 μm. C. Abnormal localization of the PA binding protein Opi1–mGFP (green) inWT cells: local-
ization at small individual LD that are presumably about to fusewith an SLD (arrow). LDwere labeled using LD540. Bar=5 μm.D.Normal growth ofWT cells on SC−Ino plates and in the
presence of tergitol (top and middle panels); impaired growth on a SC−Ino + OAmedium plate (bottom panel). The ole1mutant is a control strain that is auxotroph for unsaturated FA
[50,51], indicating sufﬁcient oleate supplementation to the growth medium.
Fig. 13. PL composition of oleate treatedWT cells in the absence of inositol. Mass spectrometric analysis of PA, PC, PE, PI and PS. Cells were treated for 5 h with oleate in SC−Inomedium.
Error bars are based on values obtained from three biological replicates.
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phorylation of PA to DAG at the LDAD and its subsequent conversion
to TAG and assembly into LD; elevated PA is converted into PL, which
leads to the proliferation of nucleus-associated nER membranes. Both
Pah1–GFP and Nem1–GFP are enriched at clustered LD induced by ole-
ate treatment, also in the absence of Fld1–Ldb16. In the absence of TAG
synthesis [43] or in pah1mutants [44], unsaturated FA are channeled
into PL, leading to membrane proliferation and, ultimately, cell death.
Oleate treatment increases the level of PA at the LDAD, as indicated by
the accumulation of the PA-reporter Opi1–mGFP, and which subse-
quently leads to the sequestration of Pah1/Nem1. The enrichment of
Pah1–GFP at/near LD upon oleate treatment indicates that the capacity
of the Fld1–Ldb16 complex to recruit Pah1 to LD emergence sites may
be exceeded, resulting in an imbalanced NL and PL synthesis at the nu-
clear envelope. The localization of the Fld1–Ldb16 complex at the LD–ER
interface, however, does not appear to be altered by oleate supplemen-
tation, which is also consistent with the absence of LD in the nuclear
lumen in oleate treated WT cells.
Recent ﬁndings in higher eukaryotes and in mammalian cells sup-
port this model. A role of dSeipin in PA metabolism in the lipogenic
pathway in Drosophila melanogaster has been suggested [45]. Notably,
the human BSCL2/seipin has been recently identiﬁed as an ER adaptor
for lipin-1, the functional ortholog of yeast Pah1. Seipin knockdown re-
sults in increased PA levels, whereas its overexpression has the opposite
effect [46]. In addition, a recent study showed that BSCL2/seipin also
directly interacts with PA-synthesizing 1-acylglycerol-3-phosphate
acyltransferase 2 (AGPAT 2), [47]. However, a possible direct interaction
of the Fld1–Ldb16 complex with Pah1 or with PA-synthesizing
acyltransferases has so far escaped detection, possibly due to the very
low abundance of these proteins.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbalip.2015.08.003.
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